13 Photoautotrophic cyanobacteria have developed sophisticated light response systems to capture 14 and utilize the energy and information of incident light [1]. Cyanobacteria-specific 15 photoreceptors cyanobacteriochromes (CBCRs) are distantly related to more widespread 16 phytochromes. CBCRs show the most diverse spectral properties among the naturally 17 occurring photoreceptors, typified by a unique and prevailing blue/green light-absorbing 18 variant [2-6]. However, where the CBCR-mediated 'colorful' signaling systems function in 19 nature has been elusive. We previously reported that the three CBCRs SesA/B/C 20 synthesize/degrade a bacterial second messenger cyclic diguanylate (c-di-GMP) in response to 21 blue/green light [6-8]. The cooperative action of SesA/B/C enables blue light-ON and green 22 light-OFF regulation of the c-di-GMP-dependent cell aggregation of the thermophilic 23 cyanobacterium Thermosynechococcus vulcanus [8, 9]. Here, we report that SesA/B/C can serve 24 as a physiological sensor of cell density. Because cyanobacterial cells show lower transmittance 25 of blue light than green light, higher cell density gives more green light-enriched irradiance to 26 cells. The cell density-dependent suppression of cell aggregation under blue/green-mixed light 27 and white light conditions support this idea. Such a sensing mechanism may provide 28 information about the cell position in cyanobacterial mats in hot springs, the natural habitat of 29 Thermosynechococcus. This cell position-dependent SesA/B/C-mediated regulation of cellular 30 sessility (aggregation) might be ecophysiologically essential for the reorganization and growth 31 of phototrophic mats. We also report that the green light-induced dispersion of cell aggregates 32 requires red light-driven photosynthesis. Blue/green CBCRs might work as shade detectors in 33 a different niche than red/far-red phytochromes, which may be why CBCRs have evolved in 34 cyanobacteria. 35 36
Results and Discussion
The absorption spectrum of Thermosynechococcus cells shows a peak at 435 nm and a trough at ~530 43 nm, which roughly correspond to the blue absorption (~430 nm) and the teal-green absorption (500 44 ~ 530 nm) of the three cyanobacteriochromes, SesA/B/C (Figure 1A) [8] . Since white light can be 45 differentially absorbed by cells containing chlorophyll, carotenoids and 46 phycocyanin/allophycocyanin, the light transmitted through a given cell layer is increasingly enriched 47 in green light, depending on cell density (Figure 1B) . Thus, we hypothesized that SesA/B/C-mediated 48 cell aggregation may be governed by cell density under natural light. 49
We assessed the effects of cell population density on cell aggregation under model light conditions. 50
We used mixed light conditions of teal-green and blue (each 0~10 µmol photons m -2 s -1 as signaling 51 light) in addition to red light for growth (30 µmol photons m -2 s -1 ). When ten µmol photons m -2 s -1 52 blue light and 2 ~ 10 µmol photons m -2 s -1 teal-green light were used as signaling light, we observed 53 cell density-dependent suppression of cell aggregation (Figure 2A) . The more green light that was 54 provided, the less cell aggregation that was induced. Under only blue or teal-green light (10 µmol 55 photons m -2 s -1 ), cell aggregation did not depend on the cell density; cells showed secure cell 56 aggregation irrespective of the density under only blue light, whereas they showed no cell aggregation 57 under teal-green light (Figure 2A) . This result suggests that the cell density dependency can be 58 mediated by the blue/teal-green light-sensing system SesA/B/C but not by other light-independent 59 regulatory systems, such as quorum sensing. This assay also confirmed that the ratio of blue light/teal-60 green light, but not the absolute intensity of blue light, is the signal for cell aggregation, as the more 61 teal-green light that was added to 10 µmol photons m -2 s -1 blue light, the more cell aggregation was 62 repressed (Figure 2A) . 63
To extend our model light system to naturally occurring conditions, we assessed the cell density 64 dependency of cell aggregation under white light irradiation. Under white light ranging from 10 to 65 150 µmol photons m -2 s -1 , cell aggregation decreased as the cell density increased (Figure 2B) . 66
However, under low light of 10 µmol photons m -2 s -1 , aggregation was weak even at the lowest cell 67 density, probably because the light was insufficient for photosynthesis or activation of the SesA/B/C 68 photoreceptors. The aggregation at the lowest cell density under high light of 150 µmol photons m -2 69 s -1 tended to be weaker than that under 30 or 100 µmol photons m -2 s -1 . This lowered cell aggregation 70 may be due to the high light stress because light irradiation with higher than 150 µmol photons m -2 71 s -1 might be dangerous for low-density cell cultures under the low-temperature condition of 31°C. 72
These results suggest that cell density-dependent control of cell aggregation can also be mediated by 73 the blue/teal-green light-sensing proteins SesA/B/C under white light. 74
Blue/Green Light-Regulated Reversible Formation and Dispersion of Cell Aggregates are 76

Driven by Red Light-Driven Photosynthesis 77
To dissect the contribution of each wavelength of light, we assessed the role of red light on blue/green 78 light-regulated cell aggregation. When cell aggregates were transferred from blue light conditions to 79 teal-green light conditions at 31°C with red background light, they dispersed in 24 h (Figure 3A) . 80
This result indicates that cell aggregation is reversible even under cell aggregation-enhancing low-81 temperature conditions. The omission of the background red light impaired the dispersion of cell 82 aggregates ( Figure 3A) . These results suggested that the background red light may support dispersion 83 via photosynthetic activity, given that photosynthetic pigments poorly absorb teal-green light. 84
Consistently, the addition of the photosynthesis inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea 85 Many bacteria often establish multicellular, matrix-embedded communities, such as microbial mats 100 or biofilms, which are crucial for their physiology, ecology, and infections [11, 12] . Likewise, 101 thermophilic cyanobacteria usually form a microbial mat in hot springs [13, 14] . Analysis of the 102 transmittance of light in typical thermophilic cyanobacterial mats revealed that green and far-red light 103 are penetrating, whereas blue and red light are mostly absorbed by photosynthetic pigments [15, 16] . 104
This tendency fits well with the light transmittance properties of the cell suspension of 105
Thermosynechococcus (Figure 1A) . Thus, reversible regulation of sessility by blue/green CBCR 106 signaling could account for the behavioral responses of Thermosynechococcus in the mats. 107
Physiologically, low temperature-enhanced, and blue light-induced cell aggregation would protect 108 photosynthesis from photoinhibition due to self-shading effects, as suggested previously [10] . Blue 109 light irradiation easily damages the oxygen-evolving complex of photosystem II [17] . Usually, the 110 rapid repair cycle of photosystem II supports the replacement of the damaged reaction center turnover is decelerated, leading to impaired repair of the photosystem. Under these photoinhibition-113 inducing conditions, the formation of cell aggregates may be beneficial for the protection of the 114 photosynthetic apparatus by self-shading. However, low temperature is not necessary to induce 115 sessile lifestyles because blue light signals can induce cell aggregation alone, even at 45°C [19] . 116
Because the formation of cell aggregates is enhanced at relatively low temperatures, it will be 117 beneficial for cells to remain in the hot spring environment and to avoid being displaced by water 118 currents to lethally low-temperature environments such as rivers and oceans. 119
Ecologically, light-induced regulation of sessility and motility would be necessary for the 120 remodeling (or reorganizing) of phototrophic mats. The phototactic motility of Thermosynechococcus 121 is regulated intricately by light quality and intensity [20] . c-di-GMP is often involved in the regulation 122 of bacterial motility [21, 22] . As cell aggregates develop, the internal cells in a floc will sense a green 123 light-rich environment and turn off c-di-GMP signaling, favoring the motile-planktonic lifestyle. 124
Given that the Thermosynechococcus vulcanus strain used in this study shows positive phototaxis, 125 the internal cells might move through the crowd of cells toward the sun. When these cells reach the 126 upper region, they will sense the relatively blue light-rich environment and turn on c-di-GMP 127 signaling, leading to a sessile mode of life. Then, the next generation of internal cells will sense the 128 green light-rich environment and turn off c-di-GMP signaling. Repeating this process may lead to wavelength photosynthesis. Notably, blue light penetrates mats less than red light due the higher 148 absorption and scattering of blue light [15, 26] . The green light may be a useful reference beam to the 149 blue monitoring beam. The uppermost cyanobacterial layer of the microbial mats in the Nakabusa 150 hot spring does not contain phycoerythrin or phycoerythrocyanin, which absorb green light for 151 photosynthesis. This fact may support the idea that green light can be a reference for the recognition 152 of differential light quality. In other words, blue/teal-green CBCRs may be superior to red/far-red 153 phytochromes for the shade detection in the upper region of the cyanobacterial layer of microbial 154 mats (Figure 4B ) because blue and teal-green light are less penetrating than red and far-red light, 155 respectively, in thermophilic cyanobacterial mats [15, 26] . Red/far-red phytochromes, which are well 156 known as a shade detector for shade avoidance of land plants, are distributed in various organisms, 157 such as plants, algae, fungi, and bacteria [3, 27] , suggesting that phytochromes may be the ancestor 158 of the related but cyanobacteria-specific photoreceptors CBCRs. The blue/green variant is one of the 159 most prevailing features among CBCRs but is missing in any other type of photoreceptor [4, 5] . Thus, 160
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